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Abstract 

Perovskite solar cells (PSCs) have gained widespread attention 

due to their impressive power conversion efficiency (PCE), low 

manufacturing costs, and versatile design potential. However, 

challenges such as thermal instability, material degradation, and 

inefficient charge carrier transport have limited their broader 

application. This research addresses these issues by investigating 

the electrical and thermal properties of PSCs through 

comprehensive 1D, 2D, and 3D simulations using COMSOL 

Multiphysics. The simulated solar cell structure consists of 

fluorine-doped tin oxide (FTO) as the front contact, titanium 

dioxide (TiO₂) as the electron transport layer (ETL), cuprous oxide 

(Cu₂O) as the hole transport layer (HTL), methylammonium lead 

iodide (MAPbI₃) as the perovskite absorber, and gold (Au) as the 

back contact. The 1D simulations revealed variations in energy 

levels, carrier concentrations, and electric potential, affecting 

charge transport and recombination. I-V characteristics showed a 

peak current density of 20.8 mA/cm² at 0.01 V, decreasing as the 

voltage increased to 1.2 V. The 2D simulations provided insights 

into the electric field distribution, with a peak field intensity of 

9.64 × 10⁶ V/m. Thermal effects were also analyzed, with a 

maximum nonradiative recombination heating of -3.46 × 10⁸ 

W/m³. The 3D simulations offered a detailed view of charge 

accumulation, energy alignment, and thermal management. The 

analysis provides valuable insights into charge accumulation, 

energy level alignment, and thermal management, enabling 

improved device development and material characteristics. By 

enhancing charge separation and improving thermal stability, this 

research demonstrates improved performance, offering guidance 

for future PSC innovations. 

https://kjs.org.pk/
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1. Introduction 

          PSCs have become significant in PVs due to their exceptional combination of low 

production costs, high performance, and a wide range of application possibilities. PSCs have 

advanced quickly because of their unique material features, which include long carrier diffusion 

lengths, variable bandgaps, and high absorption coefficients. These features make PSCs beneficial 

in several kinds of renewable energy applications (Lin et al., 2017; Yamaguchi et al., 2021; Jeon 

et al., 2014). However, in order to properly utilize PSCs, it is essential to understand the complex 

interactions between thermal and electrical properties within the cell, as these variables have a 

significant impact on the stability and performance of the device (Zhou et al., 2021;  Bi et al., 

2016; Yang et al., 2016). Maintaining control over the electric field, carrier concentrations, and 

heat distribution within the device is one of the key challenges in PSC optimization. Understanding 

the complex physical processes implementing place within several dimensions calls for modeling 

methodologies that are meticulous. It has become increasingly important in these circumstances to 

use numerical simulation tools like COMSOL Multiphysics. Through solving coupled differential 

equations describing these phenomena, COMSOL Multiphysics facilitates a detailed study of the 

spatial distribution of electrical and thermal properties in PSCs (Im et al., 2014; Green et al., 2024). 

Researchers can obtain insights into the internal behavior of PSCs by 1-D, 2-D, and 3-D 

simulations, which are not easily accessible through experimental methods alone (Burschka et al., 

2013; Ball et al., 2013; Wang et al., 2020). 

According to recent studies, the variation of energy levels, carrier concentrations, and 

electric potentials along the depth of the solar cell can be accurately modeled by 1-D simulations 

in COMSOL Multiphysics (Zhang et al., 2022;  Niu et al., 2015; Snaith, 2013). Since these 

locations directly affect the performance of the cell, these simulations are especially useful in 

finding areas of charge accumulation and depletion. Researchers can improve charge separation 

and develop improved PCEs by optimizing the distribution of the electric field throughout the cell. 

The capacity of 1-D simulations to capture lateral effects and spatial variations in the cell's plane 

is restricted, despite the fact that they offer insightful information about the depth profile of the 

cell (Habisreutinger et al., 2014; Stranks et al., 2013; Li et al., 2019). In order to overcome these 

constraints, the lateral distribution of electric fields and thermal characteristics inside PSCs are 

investigated using 2-D simulations. Through these simulations, the impact of in-plane variations 

on device performance—such as non-uniformities in material characteristics or fabrication 

defects—can be better understood (Jiang et al., 2021; Eperon et al., 2014). Furthermore, important 

regions of the cell that are vulnerable to energy loss as a result of phenomena like nonradiative 

recombination and joule heating can be identified using 2-D simulations. Comprehending these 

impacts is crucial in order to optimize PSC thermal management, which in turn is necessary to 

sustain device stability in operational conditions (Rehman et al., 2017; Seo et al., 2017; Liu et al., 

2019). 3D simulations offer a comprehensive spatial representation of the electric and thermal 

fields within the cell, enhancing the analysis established by the insights gained from 1D and 2D 

simulations. These simulations enable a clearer understanding of the complex interactions among 

different cell regions, allowing for the identification of areas that may contribute to thermal 



Hasan et al. 

3 
 

degradation or other performance issues (Brenner et al., 2016; Zhao et al., 2020). Researchers are 

advancing the development of more efficient and stable PSCs by exploring how different cell 

designs and material compositions affect overall device performance using 3D simulations in 

COMSOL Multiphysics (Conings et al., 2015; Wu et al., 2018; Bati et al., 2023). Miyasaka et al. 

were pioneers in introducing PSCs based on MAPbI₃, presenting them as a highly promising 

solution for PV applications (Kojima et al., 2009). Zhang et al. emphasized that the structural 

versatility and compositional flexibility of PSCs further enhance their potential as next-generation 

PV devices (Liu et al., 2021). However, Kahandal et al. examine various aspects of PSCs, 

including their fundamental properties, challenges related to stability, and future prospects. Their 

paper discusses the rapid advancements in PSC technologies, improvements in efficiency, and the 

challenges of thermal instability and material degradation (Kahandal et al., 2024). Rao et al. 

provide a comprehensive review of the persistent challenges regarding the stability of PSCs, 

focusing on factors such as moisture sensitivity, thermal instability, and material degradation over 

time (Rao et al., 2021). Elangovan et al. explore recent advancements in perovskite materials, 

highlighting enhancements in fabrication techniques, band gap engineering, and strategies to 

improve the stability of PSCs (Kumar et al., 2024). Zandi et al. investigated the numerical 

simulation of heat distribution in RGO-contacted perovskite solar cells using COMSOL (Zandi et 

al., 2020). Kumar et al. (2024) explored the effect of a 2D perovskite layer and multivalent defects 

on the performance of 3D/2D bilayered perovskite solar cells using simulation techniques. The 

results demonstrate that a thin 2D perovskite layer contributes to long-term stability by shielding 

the 3D perovskite, while the presence of multivalent defects in the 3D layer leads to a 4.2% 

decrease in efficiency. This study underscores the potential of mixed-dimensional perovskites in 

enhancing both the stability and efficiency of PSCs (Kumar et al., 2021). Li et al. investigate the 

role of mixed-dimensional integration in PSCs, analyzing the influence of 0D, 1D, 2D, and 3D 

structures on the performance and stability of these devices. The authors also discuss the intricate 

balance between material properties, device architecture, and fabrication techniques, offering 

essential insights for the advancement of high-performance PSCs (Li et al., 2024). Kim et al. 

(2023) provide a comprehensive review on the progress of 2D and 2D-3D mixed-halide perovskite 

materials for photovoltaic applications, emphasizing their optoelectronic characteristics and 

inherent challenges. The review also delves into the distinctive structural and material properties 

of these multidimensional perovskite systems, offering insights into their potential for future solar 

cell technologies (Kim et al., 2021). These simulations offer crucial insights into charge transport, 

energy level alignment, and heat distribution, which are essential for identifying charge 

accumulation and recombination zones. Such findings are vital for improving PSC performance 

by developing charge separation and electric field distribution, thereby guiding future 

enhancements in device architecture and material engineering. 

This investigation centers on a point-by-point investigation of the electrical and thermal 

characteristics of PSCs utilizing 1D, 2D, and 3D simulations conducted with COMSOL 

Multiphysics. The study investigates energy levels, carrier concentrations, and electric potentials 

across various dimensional frameworks to reveal charge accumulation, depletion regions, and 
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electric field distributions that affect device performance. Additionally, it explores the spatial 

distribution of electric fields, thermal impacts, nonradiative recombination, and Joule heating to 

identify mechanisms of energy loss. The findings aim at the development of PSC design and 

material properties, ultimately enhancing their performance, stability, and commercial feasibility. 

 

2. Materials and Methods 

2.1 Simulations Using COMSOL Multiphysics 

We performed 1-D, 2-D, and 3-D simulations of the PSC structure using COMSOL 

Multiphysics in order to obtain a better understanding of the spatial distribution of electrical and 

thermal properties. To account for the spatial differences in energy levels, carrier concentration, 

and electric potential, the simulation geometry was constructed for 1-D, 2-D, and 3-D scenarios, 

as we discussed in the result and discussion section. 

2.1.1. Material Properties and Geometry: 

FTO is selected for the front contact layer due to its high transparency to visible light and 

excellent electrical conductivity, which significantly enhance charge transport efficiency (Yao et 

al., 2020). TiO₂ is selected as the ETL because of its high electron mobility and suitable energy 

level alignment with the perovskite layer, thereby improving electron extraction (Kumar et al., 

2023). Cu₂O is selected as the HTL due to its effective p-type conductivity and compatibility with 

MAPbI₃, which facilitates efficient hole transport (Zhou et al., 2020). MAPbI₃ is selected as the 

perovskite absorber layer for its high absorption coefficient and optimal bandgap, maximizing 

light harvesting capabilities (Targhi et al.,  2018). Au is selected for the back contact because of 

its excellent electrical conductivity and stability, ensuring reliable charge collection (Khan et al., 

2024). The materials FTO, TiO₂, Cu₂O, MAPbI₃, and Au were selected for their established 

efficacy in PSCs. While alternatives like ITO, SnO₂, and spiro-OMeTAD are available, these 

materials were preferred for their proven reliability, cost-effectiveness, and compatibility with the 

PSC structure. Fig. 1 illustrates the PSC structure along with its layer parameters for the COMSOL 

Multiphysics software, while Table 1 presents the component characteristics necessary for 

simulating the program within the COMSOL Multiphysics software (Minbashi & Yazdani, 2022). 

2.1.2. Simulation Parameters: 

The applied voltage (V_app) of 1.2 V was chosen to simulate the current-voltage (I-V) 

characteristics of the solar cell. In addition, the model incorporated heat sources, nonradiative 

recombination heating, joule heating, and the distribution of the electric field to accurately capture 

the thermal and electrical dynamics of the solar cell. 

2.1.3. Equations and Models Used: 

Maxwell's equations were utilized to determine the electric field (V/m): 

∇×E=−∂B/∂t.............................................................................................................................(1) 



Hasan et al. 

5 
 

∇⋅D=ρ .........................................................................................................................................(2) 

 

In this case, ρ is the charge density, D is the electric displacement field, B is the magnetic flux 

density, and E is the electric field. 

 

The temperature dissemination inside the solar cell is depicted by the heat equation: 

ρcp∂T/∂t=∇⋅(k∇T)+Q...................................................................................................................(3) 

 

Where Q is the heat source term, which incorporates commitments from nonradiative 

recombination and joule heating, ρ is the density, cp is the particular heat, T is the temperature, and 

k is the thermal conductivity (Hägglund, 2022; Song & Meng, 2013; Saxena & Gorji, 2019). 

 

Figure 1. PSC structure and its layer parameters for COMSOL Multiphysics software. 
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Table 1. Component characteristics to simulate the program for COMSOL Multiphysics software 

(Tekin et al., 2023; Rayhan et al., 2024; Leguy et al., 2016). 

Property Value Unit 

Relative permittivity 31 1 

Band gap 3[eV] eV 

Electron affinity 3.56[eV] eV 

Effective density of states, valence band 1e20[1/cm3] 1/m³ 

Effective density of states, conduction band 1e20[1/cm3] 1/m³ 

Electron mobility 1e-2[cm2/(V*s)] m²/(V·s) 

Hole mobility 1e-2[cm2/(V*s)] m²/(V·s) 

Electron lifetime, SRH 5[ns] s 

Hole lifetime, SRH 5[ns] s 

(a) ETL(TiO2) 

Property Value Unit 

Relative permittivity 3 1 

Band gap 2[eV] eV 

Electron affinity 1.9[eV] eV 

Effective density of states, valence band 1e20[1/cm3] 1/m³ 

Effective density of states, conduction band 1e20[1/cm3] 1/m³ 

Electron mobility 2[cm2/(V*s)] m²/(V·s) 

Hole mobility 1e-2[cm2/(V*s)] m²/(V·s) 

Electron lifetime, SRH 5[ns] s 

Hole lifetime, SRH 5[ns] s 

(b) HTL(Cu2O) 

Property Value Unit 

Relative permittivity 18 1 

Band gap 1.5[eV] eV 

Electron affinity 3.6[eV] eV 

Effective density of states, valence band 5e18[1/cm3] 1/m³ 

Effective density of states, conduction band 5e18[1/cm3] 1/m³ 

Electron mobility 2[cm2/(V*s)] m²/(V·s) 

Hole mobility 2[cm2/(V*s)] m²/(V·s) 

Electron lifetime, SRH 100[ns] s 

Hole lifetime, SRH 100[ns] s 

(c) PVK(MAPbI3) 
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3. Results and Discussion 

The 1D simulations offer valuable insights into energy levels, carrier concentrations, and 

variations in electric potential, facilitating the identification of regions where charge accumulation 

and depletion occur, which directly impact the cell's performance. Moving to 2D simulations 

improves our understanding of the spatial distribution of electric fields and thermal effects, 

enabling us to identify areas that are prone to energy loss. Ultimately, the 3D simulations provide 

a more detailed perspective on these factors, allowing for a comprehensive analysis of how they 

influence overall device performance (Chen et al., 2021). 

3.1. 1-D Simulation 

       Figure 2 shows the fluctuation of energy levels, carrier concentration, and electric potential 

in a 1D PSC as a function of arc length with their geometry. Fig. 2(a) shows the geometry in 1D 

for a PSC. Fig. 2(b) shows the relationship between arc length (nm) and energy (eV) illustrated in 

the second subfigure. The energy is constant between 0 and 50 nm of arc length, after which it 

rapidly rises and stabilizes. After that, the energy rises from 50 nm to 350 nm, after which it 

stabilizes once more. Beyond 350 nm, the energy rises continuously and at a steady rate until it 

reaches 550 nm. The correlation between carrier concentration (1/cm³) and arc length (nm) for 

both electrons and holes are shown in the Fig. 2(c). From 0 to 50 nm, the electron concentration is 

constant; at 50 nm, it drops quickly, stabilizes momentarily, and then increases from 50 nm to 100 

nm. It then decreases from 100 nm to 350 nm, stabilizes, rises from 350 nm to around 500 nm, and 

then decreases one more time. The concentration of holes rises from 0 to 20 nm, falls off abruptly 

at 50 nm, and then stabilizes. After that, it rises gradually from 50 nm to 350 nm, stabilizes, and 

then rises steadily further from 350 nm to 550 nm. The fluctuation of electric potential (V) with 

arc length (nm) is displayed in the Fig. 2(d). Between 0 and 50 nm, the electric potential is constant; 

between 50 and 350 nm, it decreases; and between 350 and 550 nm, it stays constant (Gu et al., 

2019). Similar trends have been observed in previous studies (Kahandal et al., 2024b). 

These variations are important because they provide important information about the 

charge transport and recombination mechanisms of the device. The energy levels and carrier 

concentration fluctuations show areas of charge depletion and accumulation, which have a direct 

impact on the PSC. In order to improve charge separation and overall PV performance, it is 

essential to optimize the electric field distribution within the cell, which can be achieved by 

understanding the electric potential profile. Design and material development for more effective 

PSCs can be guided by the results of this investigation (Wiktor et al., 2023). 
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Figure 2. (a) Geometry, (b) Energy, (c) carrier concentration, and (d) electric potential vs. arc 

length in 1D for a PSC. 

 

Figure 3 shows the volt-ampere (I-V) characteristic of a 1D PSC, where the relationship 

between applied voltage (V) and current density (mA/cm2) is indicated. At an applied voltage of 

0.01 V, the maximum current density observed is 20.8 mA/cm², showing the cell's maximal 

performance at this point. Beyond 0.01 V, there is a gradual decrease in the current density from 

0.01 V to 1.2 V as the voltage increases (Kemmer et al., 2022). Similar trends have been observed 

in previous studies (Dharmadasa et al., 2019). 

 

The I-V characteristic is important because it illustrates the peak current density of the PSC 

and how it decreases as voltage increases. Understanding this behavior is essential to maximizing 

the design for optimum power output under various operating conditions by knowing the 

effectiveness of the cell and its performance limitations (Kim et al., 2019). 
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                                             Figure 3. I-V characteristic of a PSC in 1D. 

 

3.2. 2-D Simulation 

Figure 4 shows how the electric potential, carrier concentration, and energy levels in a 2D 

PSC change with arc length with their geometry. Fig. 4(a) shows the geometry in 2D for a PSC. 

Fig. 4(b) illustrates the relationship between energy (eV) and arc length (nm). When the arc length 

is between 0 and 50 nm, the energy is initially constant. An energy spike occurs at 50 nm, after 

which it momentarily stabilizes. Once again stabilizing at 350 nm, the energy rises from 50 nm to 

this point. Energy increases at a constant rate beyond 350 nm and continues to do so until it reaches 

550 nm. The relationship between arc length (nm) and carrier concentration (1/cm³) for both 

electrons and holes is shown in Fig. 4(c). The concentration of electrons is constant between 0 and 

50 nm, then it decreases and momentarily stabilizes at 50 nm. After this, the rate of electron 

concentration remains constant between 50 and 350 nm, after which it slightly decreases at 350 

nm before stabilizing once more and extending steadily between 350 and 550 nm. In contrast, the 

concentration of holes grows and stabilizes after remaining constant between 0 and 50 nm. Beyond 

this, the concentration increases steadily from 50 nm to 350 nm, then increases once more at 350 

nm before stabilizing and continuing at a steady pace until 550 nm. The relationship between 

electric potential (V) and arc length (nm) is illustrated in Fig. 4(d). Between 0 and 50 nm, the 

electric potential is constant. After that, it starts decreasing and gradually stabilizes. The potential 
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keeps going at a steady pace from 50 nm to 350 nm and then stays constant up to 550 nm beyond 

this (Steele et al., 2023). 

 

 

Figure 4. (a) Geometry, (b) Energy, (c) carrier concentration, and (d) electric potential vs. arc 

length in 2D for a PSC. 

 

This relation is crucial because it shows in great detail how the electric potential, carrier 

concentration, and energy levels in a 2D PSC change over the arc length. Understanding the 

internal charge transport dynamics and potential distribution within the cell, which have a direct 

effect on its performance and effectiveness, requires a comprehension of these variances. Through 

the examination of these profiles, scientists can find crucial areas that may witness charge 

accumulation, recombination, or other obstructions. This information can then be utilized to 

influence the improvement of material characteristics and device architecture, ultimately 

enhancing the total effectiveness of solar cells (Smith & Karaman, 2019). 

 

Figure 5 shows a complete 2D illustration of the electric field norm, nonradiative 

recombination heating, total heat source, and joule heating in a PSC operating at 1.2 V. The hot 

side of the simulation of the electric field norm (V/m) in Fig. 5(a) reaches a value of 9.64×10⁶ 

V/m, while the cold side is much lower at 1.03×10³ V/m. This indicates a large spatial variation in 
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the electric field within the cell. With a hot side value of -3.46×10⁸ W/m³ and a cold side value of 

-1.47×10⁹ W/m³, Fig. 5(b) illustrates the simulation of nonradiative recombination heating (W/m³) 

and highlights the areas where energy loss from nonradiative processes occurs. The simulation of 

the total heat source (W/m³) is shown in Fig. 5(c), where the hot side value is 3.63×10⁸ W/m³ and 

the cold side value is -1.47×10⁹ W/m³. This represents all of the heating sources in the cell, both 

radiative and nonradiative. In Fig. 5(c), the simulation of joule heating (W/m³) is shown. The 

resistive losses within the device are reflected by the hot side, which reaches a value of 1.84×10⁹ 

W/m³, and the cool side, which is substantially lower at 1.99×10⁵ W/m³. In order to comprehend 

the mechanisms influencing the stability and performance of the PSC, it is imperative to have a 

thorough understanding of the thermal and electrical behavior of the device (Li et al., 2021). 

Similar trends have been observed in previous studies (Zhou et al., 2024; Deceglie et al., 2012). 

 

 

Figure 5. 2D representation combining (a) electric field norm, (b) nonradiative recombination 

heating, (c) total heat source, and (d) joule heating in a PSC. 

This simulation is important because it shows how the electric field, heat production, and 

dissipation processes are distributed spatially in a PSC when 1.2 V of applied voltage is used. It is 

essential to comprehend the differences in the electric field norm, nonradiative recombination 

heating, total heat source, and joule heating across the cell in order to pinpoint areas of energy loss 
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and enhance the device's thermal and electrical performance. This realization is crucial for raising 

PSCs effectiveness and long-term stability (Yuan et al., 2019). 

3.3. 3-D Simulation 

In Figure 6, energy, carrier concentration, and electric potential in a PSC are shown in 3D 

as functions of arc length, exhibiting the behavior shown in Figure 4 in a similar way. Along the 

arc length, energy and electric potential exhibit consistent variations, whereas carrier concentration 

demonstrates matching changes for electrons and holes. The energy and carrier concentrations also 

exhibit comparable trends. 

 
 

Figure 6. (a) Geometry, (b) Energy, (c) carrier concentration, and (d) electric potential vs. arc 

length in 2D for a PSC. 

 

4. Conclusion 

In this research, COMSOL Multiphysics was employed to perform a comprehensive 

simulation analysis of perovskite solar cells (PSCs) in 1-D, 2-D, and 3-D configurations, providing 

valuable insights into the spatial distribution of their electrical and thermal properties. 

Understanding these properties is key to improving device performance. The 1-D simulations 



Hasan et al. 

13 
 

revealed the interconnections between energy levels, carrier concentrations, and electric potential, 

which directly influence overall cell performance. The I-V characteristics demonstrated the 

importance of applied voltage in achieving maximum current density and power output. In the 2-

D simulations, the analysis extended to include variations in electric fields, nonradiative 

recombination heating, total heat sources, and joule heating, underscoring the significance of 

thermal management and charge transport mechanisms in enhancing cell stability and 

performance. By identifying areas of energy loss and thermal accumulation, we highlighted 

opportunities for improving material properties and device architecture. The 3-D simulations, 

building on the 2-D results, provided a more detailed spatial perspective. Overall, our research 

demonstrates the effectiveness of using multidimensional simulations to comprehensively 

understand PSC behaviour. The findings highlight the importance of optimal material properties, 

device structure, and thermal management to achieve higher performance and stability in PSCs. 

Future research could focus on experimentally validating these simulation results and exploring 

advanced materials and designs to further enhance PSC performance. 
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